Preface
Scientists and engineers have always been curious about cause and effect relationships within nature. This is also the case relative to metals and materials. The understanding of the physics of metals has greatly increased from the earliest days of the field of metallurgy. The discovery of mechanisms that influence and control the behavior of metals has spurred continued research and further discovery. Initial understanding and description of controlling mechanisms were substantially phenomenological, based on observations and perceived interactions of material and process variables on resultant metallic material microstructure, mechanical properties and behavior. The conversion of mechanistic relationships into mathematical expressions is now the field of materials modeling.
The development of models and modeling methods is now allowing more rapid discovery of new alloy systems with greater optimization and application potential. Models are being integrated into computational tools for design and simulation of component processing and manufacture. The successful application of models by industry is also resulting in further pull for even further development of models that are more accurate and predictive. The study of mechanisms that control the evolution and behavior of metallic materials is continuing today at an even more aggressive pace.
Mechanistic models that more accurately describe the physics of metallurgical processes, such as grain growth, precipitation, phase equlibria, strength and deformation as examples are of great interest and importance to science and industry alike. Greater understanding of the physics of metals to the atomistic level, along with increased computational power, has resulted in further discovery and growth in the field of modeling and simulation.
This Handbook provides a review of the models that support the understanding of metallic materials and their processing. An accompanying volume will provide details of the integration of these models into software tools to allow simulation of manufacturing processes. The distinctly different, but complementary fields of Modeling and Simulation are providing new and increased capabilities for metallic materials for components and systems. The future of the metals industry is moving toward an integrated computational materials engineering (ICME) approach as a result of the hard work and dedication of the individuals, teams and organizations that have and continue to provide the needed models and simulation tools that are capable of providing engineers with accurate predictive guidance and direction.
Policy on Units of Measure
By a resolution of its Board of Trustees, ASM International has adopted the practice of publishing data in both metric and customary U.S. units of measure. In preparing this Handbook, the editors have attempted to present data in metric units based primarily on Système International d'Unités (SI), with secondary mention of the corresponding values in customary U.S. units. The decision to use SI as the primary system of units was based on the aforementioned resolution of the Board of Trustees and the widespread use of metric units throughout the world.
For the most part, numerical engineering data in the text and in tables are presented in SI-based units with the customary U.S. equivalents in parentheses (text) or adjoining columns (tables). For example, pressure, stress, and strength are shown both in SI units, which are pascals (Pa) with a suitable prefix, and in customary U.S. units, which are pounds per square inch (psi). To save space, large values of psi have been converted to kips per square inch (ksi), where 1 ksi = 1000 psi. The metric tonne (kg Â 10 3 ) has sometimes been shown in megagrams (Mg). Some strictly scientific data are presented in SI units only.
To clarify some illustrations, only one set of units is presented on artwork. References in the accompanying text to data in the illustrations are presented in both SI-based and customary U.S. units. On graphs and charts, grids corresponding to SI-based units usually appear along the left and bottom edges. Where appropriate, corresponding customary U.S. units appear along the top and right edges.
Data pertaining to a specification published by a specification-writing group may be given in only the units used in that specification or in dual units, depending on the nature of the data. For example, the typical yield strength of steel sheet made to a specification written in customary U.S. units would be presented in dual units, but the sheet thickness specified in that specification might be presented only in inches.
Data obtained according to standardized test methods for which the standard recommends a particular system of units are presented in the units of that system. Wherever feasible, equivalent units are also presented. Some statistical data may also be presented in only the original units used in the analysis.
Conversions and rounding have been done in accordance with IEEE/ ASTM SI-10, with attention given to the number of significant digits in the original data. For example, an annealing temperature of 1570 F contains three significant digits. In this case, the equivalent temperature would be given as 855 C; the exact conversion to 854.44 C would not be appropriate. For an invariant physical phenomenon that occurs at a precise temperature (such as the melting of pure silver), it would be appropriate to report the temperature as 961.93 C or 1763.5 F. In some instances (especially in tables and data compilations), temperature values in C and F are alternatives rather than conversions. The policy of units of measure in this Handbook contains several exceptions to strict conformance to IEEE/ASTM SI-10; in each instance, the exception has been made in an effort to improve the clarity of the Handbook. The most notable exception is the use of g/cm 3 rather than kg/m 3 as the unit of measure for density (mass per unit volume). SI practice requires that only one virgule (diagonal) appear in units formed by combination of several basic units. Therefore, all of the units preceding the virgule are in the numerator and all units following the virgule are in the denominator of the expression; no parentheses are required to prevent ambiguity. O. Dixon (1952 O. Dixon ( -1954 (Member 1947 (Member -1955 ) N. E. Promisel (1955 E. Promisel ( -1961 (Member 1954 (Member -1963 ) R.W. E. Leiter (1962 E. Leiter ( -1963 (Member 1955 (Member -1958 (Member , 1960 (Member -1964 D. J. Wright (1964 J. Wright ( -1965 (Member 1959 (Member -1967 ) J. D. Graham (1966 D. Graham ( -1968 (Member 1961 (Member -1970 ) W. A. Stadtler (1969 A. Stadtler ( -1972 (Member 1962-1972 ) G. J. Shubat (1973 J. Shubat ( -1975 (Member 1966 (Member -1975 ) R. Ward (1976 R. Ward ( -1978 (Member 1972-1978 ) G. N. Maniar (1979 -1980 ) (Member 1974 -1980 D. Cooper (1984 D. Cooper ( -1986 (Member 1981 (Member -1986 ) D. D. Huffman (1986 D. Huffman ( -1990 (Member 1982 (Member -2005 D. L. Olson (1990 L. Olson ( -1992 (Member 1982 (Member -1992 ) R. J. Austin (1992 -1994 ) (Member 1984 -1985 ) W. L. Mankins (1994 L. Mankins ( -1997 ) (Member 1989-) M. M. Gauthier (1997 M. Gauthier ( -1998 No warranties, express or implied, including, without limitation, warranties of merchantability or fitness for a particular purpose, are given in connection with this publication. Although this information is believed to be accurate by ASM, ASM cannot guarantee that favorable results will be obtained from the use of this publication alone. This publication is intended for use by persons having technical skill, at their sole discretion and risk. Since the conditions of product or material use are outside of ASM's control, ASM assumes no liability or obligation in connection with any use of this information. As with any material, evaluation of the material under end-use conditions prior to specification is essential. Therefore, specific testing under actual conditions is recommended.
Nothing contained in this publication shall be construed as a grant of any right of manufacture, sale, use, or reproduction, in connection with any method, process, apparatus, product, composition, or system, whether or not covered by letters patent, copyright, or trademark, and nothing contained in this publication shall be construed as a defense against any alleged infringement of letters patent, copyright, or trademark, or as a defense against liability for such infringement.
